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by Jeffrey H. Miles
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Lewis Research Center
Cleveland, Ohio
and
D. D. Raftopoulos
The University of Toledo
Toledo, Chio

Disperson and attenuation of acoustilc plane wave disturbances pro-
pagating in a ducted combustion system are studied. The dispersion and
attenuation are caused by fuel droplet and soot emissions from a jet en-
gine combustor. The attenuation and dispersion are due to heat transfer
and mass transfer and viscous drag forces between the emissions and the
ambient gas. Theoretical caleculations show sound propagation at speeds
below the isentroplc speed of sound at low frequencies. Experimental re-

sults are in good agreement with the theorvy.

LIST OF SYMBOILS

A matrix

AE soot particle exterior area per unit mass, m2/L5
AI soot particle interior area per unlt mass, mz/kg
a area, m?

aj,bj curve f£it parameters

c soot mass, kg

c (W) sound propagation velocity, m/sec

<, isentropic speed of sound, m/sec

cy gas specific heat at constant pressure, J/kg-K

c soot particle specifie heat, J/kg-K

d diameter, m



F particle force exerted on gas
F () transfer function for response of particle force on gas to
pressure perturbation

frequency, Hz

fR repetition frequency, Hz
H heat-transfer coefficient, W/m2-K
h enthalpy, J/kg
i (_1)1/2
J summation index {Eq. (53))
k propagation wave number, a#co, m~ L
ka effactive chemical reactlon rate, kg/N-sec
kl chemical reaction racte of the 1lth process
L space between two points in duck
Hiw) trangfer Function for response of mass source to pressure
perturbation
(MW)C molecular weight of soot
m soot particle mase, kg
N aumber of Fourier series curve fit parameters (Eq. (53))
NuH heat-trans fer Nusselt number, Hd/K
n number of particles per unit volume
0, number of moles
P, unperturbed pressure, N/m%
P0,02 partial pressure of oxygen, N/me
p pressute perturbation, N/m?
Q heat transferred to gas from particles by convection
Q. heat generated by chemical reaction
per unit mass of fuel, J/kg
K gas constant
L radius, m
S W) transfer function for response of entropy source to a pressure

perturbation
entropy of gas, J/kg-K

T temperature, K
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temperature perturbation, K

system forcing function

velocity perturbation, wm/sec

mean flow velocity, m/sec

air mass flow rate, kg/sec

cartesian coordinate

gystem state vectar

relative concentration, partial pressure ratio or density ratio
partial pressure ratio perturbation

acoustic attenuation ccaffictent, dB/m

specific heat ratio of gas

chemical heat parameter, Qc/cpTo

chemical rveaction vate parvameter, (Tolka)(dka/dT)
cress-spectrum phase angle

time, sec

gas thermal conductivity, W/m-K

soot particle mass fraction, n :ns/po

gas dynamic viscosity, kg/m-sec

gas density perturbation, kg/m3

unperturbed gag density, kg/m3

Stokes relaxation time, m/6yr M, sec

adserption relaxation time, l/AIkaPo’ sec
propagation -time delay, sec

soot particle thermal relaxation time, (mscp)/ﬁwri(NuH{ds)K, sec
Fourier transform operator

mags source rate perturbation

dispersion-attenuation propagation wave number factor

angular frequency, radians/sec

Subscripts:

a
c
H

m

adsorbed
carbon
fieat transfer

.

measured



0, melecular oxygen

o reference state

R repetition

5 soot

8 soot particle interior surface
total

o in bulk gas far from scot particle

INTRODUCTION

Pressure spectra measurements were made for a combustion noise re-
search program in a liquid fuel ducted combustion test facility at the
NASA Lewils Research Center. An examination of the measurements showed
that they contained axial resonance peaks which could not be correlated
using the isentropic speed of sound and the facility geometry. Conse-
quently, the veriation in the sound propagation speed which might occur
when & plane wave propagates through a cloud of liquid fuel droplets or
through a cloud of solid scot particles was investigated,

The literature contains a number of theoretical and experimental
studies of the propagation of a plane wave through a cloud of particles.
Studies considering viscous and thermal interaction but not mass trans-
fer were made by Epsteln and Carhart (Ref. 1), Chow (Ref. 2), Temkin and
Dobbins (Ref. 3), and Dobbins and Temkin (Ref. 4)., Studies which con-
sider water vapor mass transfer in addition to viscous and thermal inter-
action were made by Marble and Wooten (Ref. 5) and were extended by
Davidson (Ref, 6). The theory was confirmed experimentally by Cole and
Dobbins (Ref. 7). Marble and Candel (Ref. 8) suggested that one techno-
logical application of the theory would be to use a water aersol to
attenuate sound in ducts,

The significant contribution of this paper is the application of
the previous work on plane waves propagating in a water aerscl to the
study of the possible consequences of plane waves propagating in the
emissions of a liquid fuel combustor, The problem is formulated in the
next section. TFollowing this is a discussion of a calculation of atten-
uation and dispersion of a plane wave propagating through & liquid fuel

droplet cloud. This discussion is based on the equations Marble and



Candel (Ref. 8) derived for a cloud of water droplets with just a change
in droplet partidle properties. Next, the propagation of a plane wave
through a cloud of solid soot particles is analyzed uping the approach of
Marble and Candel (Ref., 8); modifications are used to account for the
physics and chemistry of the soot particles, Then, sample calculations
of attenuation and dispersion using assumed parameters for the propagation
of a plane wave through a cloud of liquid fuel droplets and a cloud of
solid soot particles are presented., This paper concludes with a discus-
sion of the experimental results that can be compared with the theory
proposed herein.

I. PROBLEM FORMULATION

A. Wave equation

Equations are presented for sound propagation through a two-phase
medium consisting of a cloud of solid or liquid particles suspended in 2
gas. The formulation follows that of Marble and Candel (Ref. 8). The
equations are based con the following assumptions:

(1) The particulate mass fraction and volume fraction are small.

(2) The particulate spacing is smaller than the acoustic wave-
lengths considered. Therefore, the particle cloud and gas can be treated
as a continuum.

(3) The fluctuations of pressure, density, temperature, entropy, and
veloclity are small compared with their mean values. Therefore, the squares
and cross products of these parameters can be neglected.

(4) The fluid veloecity is much smaller than the speed of sound.

{5) The bulk gas can be treated zs a perfect gas.

The one-dimensional, gas, linearized conservatlon equations for zero
mean flow relating the perturbation velocity, pressure, and density (from

Ref. 8) are as follows:

Continulty:
du
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The ideal gas entropy equation is
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Marble and Candel Jerived from Egqs. (1) to (3) an expression for the
sound propagation velocity and the sound energy attenuation for a plane
wave propagating in a particle cloud. They applied the expression to a
plane wave propagating in a cloud of small water droplets. The wave num~
ber equation obtained (from Ref. 8) by retaining only linear terms in
small quantities for a plane pressure wave taken to be proportional to
ei(kﬂx~m8) is,

in terms of the notation used herein and after some alge-

braic manipulation,
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The transfer functions M(w), S(w), and F(w), which relate a pressure
perturbation to a perturbation in mass production, entropy production,

and viscous force drag, respectively, are defined herein as
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where the Fourier transform operator is
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By definition, the sound propagation velecity is related to the wave num-

ber mquation by
w

clw) = Im(ikoﬂ)

m/sec (9

Also by defivnition, the acoustic energy attenuation coefficient in Nepers

per meter is

a = -2 Re(ike)



Nepers per meter is converted to decibels per meter by multiplying by
10 logloe = 4,34
o = -8.68 Re(ik 0) (10)

B. Response of fuel droplet cloud

¥ual droplet emissions from combustors in the combustion duct sgystem
can occur when the fuel droplet gpray consists of large-diameter drops
and the air injected arcund the fuel nozzle through swirlers mixes poorly
with the fuel spray. This combination of large fuel drops and poor mixing
produces high levels of hydrocarbon emission (Ref. 9). The larger drop-
lets which pass through the high temperature reaction zone are assumed to
evaporate in a relatively cool gas mixture having a low oxygen concentra-
tion. Accordingly, the process is approximated herein by considering
evaporation without combustion,

The processes and assumptions typically employed in an analysis of
fuel drop evaporation are discussed in Refs. 10 and 11. However, rather
than using a complex model to obtain expressions for (m), (w), and
F@w), the approximate model used in Ref, 8 for water drop evaporation
was adapted for use herein by making appropriate assumptions. The result-
ing expressions provide (1) a guide to the order of magnitude of the trans-
fer funetions (), 7 (W) and [ (w) and (2) information on the frequency
dependence of the sound propagation speed and attenuation. Because the
resulting expressions are identical to those which could be obtained
from expressions in Ref. 8, they are not shown in this paper. The numer-
ical values of the factors in these expressions arve different because the
physical properties were changed to those for a fuel drop rather than
those for a water drop. The results of these calculations are discussed
in a later section.

C. Response of soot particle cloud

Sovot produced by gas turbine combustors oxidizes as it flows through
the duct system (Refs. 12 to 14). 1In order to calculate accurately the
regponse of a cloud of soct particles teo an acoustic pressure perturbation,
the mass distribution, the chemical composition, and the distribution of

particle shapes and sizes should be known. It is also necessary to know



the rate constonts for the heterogeneous oxidation process and the heat-
trans fer process, However, at this time, none of this information is
known accurately., Consequently, the following model is a simulation that
includes the basic physics and chemistry in an approximate manner. An ex-
perimental study of the oxidation of soot (discussed in Ref. 15) and a
mathematical model for the pgasification of coal char (discussed in Ref. 16)
were useful In formulating the approach used in this work. The model is
based on the assumption that the soot particles can be treated as being
made of porous carbon, having a spherical shape, and having a uniform
temperatutre,

The transfer functions [{(w), S (W), and F (w) are derived from equa-
tions that describe the particulate phase of the one-dimensional flow of
gas-soot particle inlxture with interphase transfer of mass, momentum, and
energy. When specifying the functional dependence of * (W) and S (w),
the following selection is made. For the force acting on the gas due to
a particle, Stokes' viscous drag lav is used, Thus, the total force on
the gas ié

F = -n6vrsu(u - us) (11)

For the heat transfer from the particles to the gas, Newton's law of con-
vection is used. Thus, the total heat transfer from n socot particles

into a unit volume of gas having thermal conductivity K is

‘Nu,
Q = n(lnrri) (—(f—) K(bg - L) «(12)

where NuH equals 2 if the air is stagnant. This value of 2, which is
generally used, is used herein since the difference between the particle
veloelty and the gas veloclty is assumed small, The general assumptions
associated with using these equations aie well known (Ref. 3).

The viscous drag transfer function ‘is discussed first. A goot par-
ticle of mass mg and radius r, is moving at velocity ug in the pas.
The gas has a velocity u due to the wave motion. The particle experi-
ences a Stokes drag force of 6wrsu(u - us), and the resulting particle

equation of wotion is



duS
mZE = 67rr3p.(u - uB) (13)
The gas velocity Lls related to a pressure perturbation for small perturba-
tions by
T .
u=c v, (14)

The Fourler transform of Eq. (13) yields the followinp expression for zhe

response of the particle veloclty to a presgure perturbation:

- 1 P
Y3 T TF -t co(yl’o) (15)
where
m
T= 6wr5u (16)

Physically, 7 is the time interval in which the particle velocity is re-
duced by a factor of 1/e from its initial vclue due to the Stokes drag
force. Substituting Eq. (L5) into Eq. (l1) and using Eq. (5) yleld the
following expression for the viscous drag force perturbation in response

to a pregsure perturbation:

F E‘-n6nrsu P (~1w)T
¢ ¢ J IR P I+ (-iw)T 7
pl:) O 0o 0 Y o )
Consequently, the viscous drag force transfer funetion is given by
Fa _ fsf e O (18)
I Tl + (-iw)Ty
where
A - o
s ", (19)

The heat pgenerated by the oxidation of a soot particle 1s assumed
to be transferred directly to the particle. Thus, the entropy source
term may be calculated considering only the heat transfer between the n

particles and the bulk gas using Eq. (12) as follows:

u
ds 2 H :
Topo dag ~ Q= n(:’nrrs)(NdS) K(trs B tm) (20)

The differential equation for the entropy source can then be written as
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where

Physically, Tg is the time interval in which the gos entropy is changed
by a factor of L/e from it initial vazlue,

Perturbations in bulk gas temperature and pressure are related to
perturbations in soot particle temperature by taking the derivative of
the bulk gas energy equation (Eg. (3)) and using the perfect gas law and

Eq. (21) to show
£ R /e -¢
Al =) -y s P\ B8 =
dB(T ) G ' de(yP >— 'r( T ) (23)
o o 8 0

The slowest process in the burning of a soot particle controls the
reaction rate. Depending on the temperature and the particle geometry,
this may either be the diffusion of oxygen to the particle surface or the
chemical reaction rate at the surface. For the model discussed herein,
the chemical reaction rate is assumed to be slower then the diffusion
rate. Consequently, it controls the oxidation process., The socot iz, for
gimplicity, assumed to be carbon. However, evidence exists that the soot
convains a few parcent hydrogen which, in practice, could be important,

To model the chemical reaction of oxygen with the soot, an adsorptlon/
desorption mechanism is used involving the following sequence of reactilons:

kl

C+0, ~ (COZ)a

k2
(coz)£1 + C+ 0,
113
c + (002)a - 2C0

where (COZ){:1 1s surface oxide (i.e., an O, molecule adsorbed on the car-

2
bon surface (Refs. 15 and 16)). This process may be followed by a gasifica-
tion, reaction which produces carbon dioxide (Ref. 15). Only the initial

production of carbon monoxide is considered herein.
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The following concentration equations can be written for the sequence

of chemical reactions considered:

—Lcoz)] =k, [0,1- Ty [ [coz)u] - kg [(coz)a] (24)

da = -kz['co ;I+ k[0, (25)

The concentration of (002) is assumed constant be-ause a steady-state
condition Ls achieved wherc as mvch is created as is destroyed, Conse-
quently, the time derivative of (002)a ig zero, Thus, the left side of
Eq. (24} can be set to zero, and the following expression for the concen-
tration of (Coz) is obtained:

a
- k. [o,]
1'¥2
o) = i o

The carbon consumption rate, tvhich equals the net rate at which mass is
added to the gas by a single particle per unit particle surface area, is
then given by

P
dle) _ . {0 kzkl[ ] ) Iclk3 0,0,

- = = kP (27)
k2 + k3 kz + k3 RT a 0,02

The following Arrhenius model chemical reaction rates (from Ref, 16)

were determined empirically to fit a wide range of data:

- : 2
k3 = 9500 e 19,700/T kg/mz-sec 8)
ey -2 _-15,700/T
== = 2%x10 " e 77’ lkg/N-sec (29)
RT
k2 = 5.5X107 (3-38’700/T kg/mz-sec (30)

The rate of mass addition to the bulk gas per unit volume for soot
particles having surface area a is then

@,

= makapo (31)

2
For a small perturbation in surfdce temperature and oxygen partial pres-

sure, the resulting change in mass addition can be written as



T dk ot / Po,
$p = 9, + @ = nak {1 E; r T; P°’02\3 + 5 (32)

Thus, the mass perturbation term is given by
P ) p
0,0%) (To dene,  Po,

9 = (nak P )( - e o e (33)
ao PO ka dT/Tnu- Po,o

2
This equation 1s rewritten as
K £ R Pg,
Loty Lty 2 (34)
Fo  Ta 02 To Ta 02 P0,02
where
1
T = (35)
' & AIkaPo
%
5
Po,02
Y, = (37)
2 o
and
T, dka
£ = k9T (38)

The external surface area of a spherical carbon particle of diameter

d per unit mass is

2 3
o 4vrs ) Awrs 1 mz 3 m2 (39
E m 4 32000 kg  2000d kg
8 '5’ Trl‘s

Typical internal surfaces areas per unit mass of coal char as measured by
molecular adgorption are 100,000 to 400,000 mz/kg for 100u particles
which 1s four orders of magnitude greater than the external surface area
per unit mass (Ref. 16). Consequently, the model calculations made herein
use internal surface areas per nnlt mass approximately four ovders of
magnitude greater than the external surface areas per unit mass. The
oxidation reaction is

1
C+ 2 02 Cco
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The heat generated is given by

hy - Y nh et 40
Q, = zz: nyhy - :i, Te'le CLPI (40)
p R
The heat balance equation for a soot particle is then
Nu
d = (2} =3 - .o 2
ap Mggty) = Ghrrs)< ds/}:(ts tw) ~ Qg (41)
When all n particles are considered, Eq. (41) becomes
A _C.E_E]_(Eﬁ_\ﬂ ..K_S.(E_S__-_;’S\-_ c 2 (42)
s ¢ d I, T\ T, j P,
where
Q
C
€ = (43)
' TDCP

The perturbation in the partial pressure of oxygen is related to the
mass source varilation and the total pressure perturbation using the con-
tinuity equations, The oxygen continuity equation is
: du 16

d
36 Po, * P00, 3x = ¥ 1z ()
This is because when a mass of carbon ¢ is added to the gas the oxygen
concentration is reduced by %g ®. The bulk gas continuity equation is
S,
56 PPz~ ? (45)
The velocity gradient is eliminated from Eqs. (44) and (45) as follows:
16 Op
du_9@ 1A "1m? 1 % 66
ot ¢ p. a8  p 0 L]
o o 0,02 0,02
Thus,
ap
P o
2 ___.2__.\2_1_99_ 1 _ 2
P l+£ P, 98  n, 5 0B (47)
° 16 F’o,oz/ ° '“2

However, the temperature of the oxygen and the bulk gas are identical,
and the gas properties are assumed to be identical; that is, both behave
as perfect gases. Consequently, Eq. (47) can be written in terms of pres-

sure perturbations as follows:
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12 ‘
=Yoo+ 1 P
16 ‘o ’ o
N N SR o 2 (48)
§ ';'Z-Y : P P 0
7\ 16 7o, o 0l

Equation (34) and the Fouriler transforms ol Eqs. (23), (42), and (48)
can be put in the following matrix form:

fyg ¢ Ry,
5 2 g "2 e
0 - 1 = 0
T& Tn [+
R g t
(»mw-—*i) - 2 0 0 = -1y - 1)
TS ] v}
Y= -
R Re (-iw) R
SE T - B A e 0 2 0
Tg ey Ty Po
Y 12 . P
1] % Te+i iy ) .
0 0 = = (~imw)
b 2 6 _]-— ’ 2—- - -—
(49)
The solution is
¥ealty (50)

The mass source transfer function is found by using the solution for

m/po obtained from Eq. (49) and Eq. (6). The entropy source transfer

function is found using the quantities I:EI'I.‘u and thiu which were ob-
tained from Eq. (49), the Fourler transform of Eq., (21), and Egq. (7).
D. Sawple caleculations

A typical dispersion curve and an attenuation curve caleulated for
vaporizing fuel droplets by using the arbitrary parameters in Table I are
presented in Fig, 1(a). The propagation velocicy varies from 3506 m/sec
at low frequencies to the isentroplc speed of sound (610 w/sec) at high
Fig-
ure 1(b) shows the relative importance of the transfer functions )*Gu),
(), and O {w).

frequencies. The attenuation is greater than 3 dB/m above 400 Hz.

From Fig. 1(b) it follows that the viscous drag force
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transfer function can be neglected below 1200 Hz. Above 1200 Hz the
entropy transfer [unction becomes less than the viscous drag force trans-
fer funetion and it is easily shown that this accounts for the increase
in the attenuation.

A typical dispersion curve and an attenuation curve calculated for
oxidizing soot particles by using the arbitrary parameters in Table TI
are shown in Fig. 2 for mass loadings of 0.0058 (example 1, Table IT) and
0.00058 kg/m3 (example 2, Table II) and an oxygen partial pressure of 0.05,
The sound propagation speed varies from 440 m/sec for a mass loading of
0.00058 and from 420 m/sec for a mass loading of 0.0058 at low frequenciles
to the igentropic speed of sound (610 m/sec) at high frequencies. The
attenuation for a mass loading of 0.0058 {s greater than 3 dB/m above
400 Hz. However, it drops to less than 1 dB/m for a mass loading of
0.00058. 1t was also found that for these cases the viscous drag force
transfer functicn could be neglected below 1200 Hz,

IT. EXPERIMENTAL INVESTIGATION
A, Measurement:

The experimental apparatus is shown schematically in Fig. 3. The
combustor section consists of a J-47 burner can placed concentrically in
a 0.30-m~diameter by 0,77-m-long flow duct, The combustor section is
followed by a 0.3l-m~diameter by 0.76-m-long spool piece., This section
is followed by a 0.30-m-diameter by 6.l-m-long flow duct.

The measurements discussed herein were made at an exit temperature
of 920 K and at air mass flow rates of 0.5, 1,13, and 1.68 kg/sec. The
corresponding fuel flow rates were 0.009, 0.018, and 0.027 kg/sec. The
fuel was similar to JP5. The fuel-air ratio was about 0.02 for this test
condition.

Simultaneous internal fluctuating pressure measurements were made
al the three locations shown in Fig. 3. The cransducers used ware con-
ventional 5/8-cm-diameter (nominal) pressure response condenser micro-
phones. To avoid direct exposure to the severe environment within the
flow duct, the microphones were mounted outside the duct and the fluctuat-
ing pressure in the duct was communicated to the transducers oy "semi-

infinite" acoustic waveguldes, The internal probes have previously beeft
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used for :nglne measurcments (Refs. 17 to 19) and measurements in a com-
bustion component test Ffacility (Ref. 20). Probe design, EFrequency re-
sponse, and operating characteristics are descyibed in Raf, 21,

A typical, constant~bandwidth pregsure cross-spectrum phase-angle
plot for the frequency range from 2 to 400 Hz is shown in Fig. 4, The
test was made with a microphone near the entrance and 5.5 m downstream
neat the exit of the long duct. The cross-spectrum phase angle data
taken at each test condition consisted of 200 dota points recorded at
2<Hz intervals,

B. Determination of gound propagation velocity

To obtain the sound propagation veloeity, the cross-spectrum phase-
angle data are analyzed statistically using the following model, The
phase angle ¢ of the cross spectrum measured between two microphones
in the long duct is assumed to be composed of two terms. The first term
due to the sound propagation time delay between the two microphones is

. _ _Lerf
B = - Y

The second term, OZ(E), 15 due to the reflected pressure waves in the

(51)

duct system. This term is periodic in the [requency domain with 4 repiod
(repetition rate in the frequency domain) given approximately by the

round trip travel time between the two microphivnes:

_ L L s
RECH FVITD -V Iy (52)

The following procedure estimates both terms. Thus, the procedure analyt-
ically separates this second term l'rom the cross-spectrum phase angle so
that the sound propagation veloecity can be calculated from an estimate of
the first term,

. The first step in obtalning tne sound propagation velocity is to
corve f£it the measured phase-angle data. The curve fit is calculated by
first using a linear least squares curve fit. Then, a finite Fourier
saeries analysis in the frequency domain is used to fit the remalnder.

Consequently, the curve fit function is
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N N
Seey = 3 - 1208, 50 DI 2 )
(£) =d - R +Z__, cjcos(j'r127rf) "I‘L JSin(jTl wf) (33
j:l j"‘"l
where
T % F L (5%4)
max
2 Enax
ey = T (f)cos (Jr, 2rf) af (55)
max
and
2 fmax
bj =< 8(f)sin(jv 2rf) df (56)
max 0

While this function fits exactly, it is not useful unless it fulfills

the following requirements: (1) che number of terms is small; (2) the

terms can be physically identified; and (3) the resulting curve fit remains

valid. Thus, the second step was to study the curve fit with these re-
quirements in mind. From a study of various suboptimal curve fits it was
determined that using only the elight or nine terws with the largest coef-
ficlents was sufficient to give a standard deviation of approximately 10°.
Furthermore, an examination of these terms showed that they fell into two
groups. One set of terms corresponded to time constants near T, and

R

2TR. Consequently, these are assumed to be due to the reflected waves in

the duct system. Since the second set corresponds to time constants of

Ty and 211, they are assumed to be related to c¢(f). Consequently, the
sound propagation speed 1s evaluated from
2
” 2rf 127 £
@ = . s - . » ’ v
(£) TGEE] = vt E [ﬁjcos(jleni) + bj51n(3112nfi]
j=1 (37)

at high enough frequencies that the Fourier series terms are second order,
At low frequencies it is assumed that E(£) = ©(f). The mean flow veloc-

ities V calculated using the measured air mass flow rate, the measured
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temperature, and the duct geometry wore 18,5, 41.6, and 61.3 m/sec for the
0.5, 1.13, and 1.68 kg/sec alr mass flow rate test conditions, respectively,
The estimated sound propagation velccities caleculated using Eq. (57)
are shown in Flg. 5. ¥Figure 3 shows that for all three test conditions the
sound propagation velocity is below the adibatic speed of sound (610 m/sec).
Mereover, for the two lowest velocity test conditions, the soutid propaga-
tion velocity is near the i{sothermal scund propagation speed of 515 m/sec.
The experimental results indicate that the sound propagation speed increases
with the frequency above 200 Hz. Finally, the sound propagation speed dis-
persion relation apparently varies with the test conditions. These experi-
mental results are in good agreement with those predicted by the simple
theory presented herein.
ITI. COMPARISON OF MEASUREMENT AND THEQRY
The measured cross-spectrum phase-angle snalysis indicates that the
scund propagation speed is near the isothermal sound propagation speed
~ad does not vary at low frequencies, This result can easily be related
to the analysis used here and in Ref. 8 if the additional assumptions are
made that soot particle temperature, mass transfer, and viscous drsg force
perturbations are small and that w Tsﬁfs is less than one. With these
assumptions, Eqs. (21) and (3), with the density perturbation eliminated
by substituting the perfect gas perturbation state equation, can be usad
to eliminate the bulk gas temperature perturbation and to find a relation
between the bulk gas entropy perturbation and the pressure perturbation.
Using Eg. (7) at low frequencies with these assumptions yields

() REAY) (@) 1 -y
= + = 58
4pouo(~iuﬂ 2cp 2p0(-iu9 2 (58)

From Eqs. (4) and (54) the propagation wave number is

oo = ix)
lkoh = ilco(2 + 2 (59)

and from Bgq. (9) the sound propagation velocity is gilven by

c

c(w) = (60)

Loy
7 "2
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Thus, for vy = 1.4 the sound propagation speed is 0.83 e, or 506 m/sec.
Note that Lf the wave number equation had not been linearized by replacing
(1 - B)1./2
would be given by coﬂﬂ/ﬁ, which is exactly equal to the iscothermal speed
of sound (515 m/sec).

The same result is obtained if similar assumptions are applied to

by 1 - B/2, it would be easy to show that the propagation speed

the theory of plane wave propagation in a liquid fuel droplet cloud,
Thus, for these cases sound propagation is isothermal at low frequencies
due to heat transfer from the soot particle or liquid fuel droplet. The
experimental results indicate that heat transfer from the soot particle
or liquid fuel droplet cloud to the bulk gas is the major effect, since
the propagation veloeity ohtained is near the isothermal speed of sound
and seems to be constant at low frequencies.

The occurrence of sound propagation at velocities less than the
isentropic velocity in combustors has not been reported previously. How-
ever, the propagation of sound at the isothermal velocity rather than at
the isentropic velocity and the gradual transition from tlie isothermal
conditions at low frequencies to isentropic at high frequencies have
been identified previously in sound absorbing materials {(Ref. 22). 1In
addition, Dobbins and Temkin studied (Ref, 4} sound propagation in a gas-
particle mixture as a factor in solid propellant yosket motor acoustic
combustion instability.  They noted that the addition of particles can
change the characteristic frequency in a fixed geométry combustion system.
The proposed interaction betwesn combustor emissions from a ligquid fuel
combustor and the plane wave propagation Is advanced herein as the reason
for the previously observed anomalies,

IV. CONCLUSIONS

Dispersion and attenuation of acoustic plane wave disturbances pro-
pagating in a ducted combustion system caused by fuel droplet and soot
emissions from a jet engine combustor have been studied experimentally
and theoretically. The cross-spectrum phase angle measured between two
microphones has been used to evaluate the sound pfopagation speed. The

following conclusions were reached:

e e e e o v e e e e R e n e et B e e e i et e o 1 e me et meme s ———
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1, Fuel droplet and soot emissions from jet engine combustors may
attenuate and change the plane wave propagation velocity by heat trans-
fer and mass transfer with the ambient gas.

2, Sound propagation tends to be Lsothermal at low frequencies as
predicted,

3., In order to predict the frequency variation of resonance peaks
in a combustion noise spectra measured in a duct, the soot and hydrocarbon
emissions must be considered and the physics and chemlstry of acoustie-

emission Interaction must be understood.
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TABLE I. - Parameters® used to calculate dispersion &and attenuation
for the case of fuel droplets vaporizing

T’ K * . . . - * [ ] - " - 1] 922‘0 Rv L) L] L] L] L ] +* [ ] L] L] . +* * 0'05
Ky Wm-K . . .. .o 5.38?100"2 hLV’ Jlkg .. . . 4.16X107
Doy K/« o a . 0L378)| WY, kg/mo. . . . . . . 0.0058
gp, J/kg'l{ L] L] L] L] * ] . L] 1100.0 ED, ln/Bec . . L] L] L] I . L] 610-0
\\' L] * L] 5 » L} L] L] + 1] » L] 1] . l .4 T}r HLV/TOCP + L] » L] 1] L] L3 L] 41
,".)L, kg/m L L T 845 .0 B’ (Dﬂ‘r)v/(l’ﬂ\’)g [ T ) 3-94
ch J/kg"l{ L R T L T TS 1700 N I Y T T T ) . 1.64)(1013
T, m N I I T 3.54x10" %3
) TP T WY 2 | F SR Y P . . 1.53x10"2
B L L' "o -6

(M‘q)L - L] ’ [ ] [ ] - L] L] + 1] 114‘ ‘O T, sec L] * - . . . L] L] 5 L ] 13x10
#, kg/m=sec , .+ . . . . 3.66x107° Ty B0 . ... . 1.64XI0-5
2 ~5 -5

Dvg’ m“/see . ., . . . 4.,54X10 Tps 58C + o 4 o « . 1.,18x10

aDefined in

.’
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TABLE II. - Parameters used to caleulate dispersion and attenuations

curves for the case of soot particles oxidizing

B R ee oo 02200lQ akg 2 e e s .. =3.637x10°
7 S - ST | DY S 4. 0x10°
‘J} kg/ms . ] Ll [] + * [l ] » 00378 co, m/s(‘-c » [] * Ll * L) L 609-0
C Jlkg"K L 1100.0 C, Q/T ¢ D Y S '3-585
P QD _ w10
Y » L[} 13 * » 1 ] - [} ] * [ * 1.4 ka’ kg/N‘seﬁ [ ] [ [ ] [ ] » [ ] 8'08x10
o, ke/m® . . s v . . . 1880.0 T dK
8 3 g "—O"""'E s v [T l?uo
CS, J/kg"’m . » + ’ [ 3 3200.0 kﬂ dT
Top Mo v e v e 6 m s kg o+ - v e e ?.87x10-15
-5
(r‘ﬂ#)g L ] [ » * . L] | ] [ ] [ + * 28.97 T’ sec L) r . 4 - L[] 1, 1.14x10 -
B, kg/m-sec . . . . 3.66%10"5 Tpr Sec . - ' 1.50X10-6
R + oo o Ce 005 ([T see . 3,00x10™>
2
Example
1 2
e 7.36x10%3 6.73x10%2
i, e/ 5.8%107° 5.8x10"%
Rg» MO fa 1.5%i0"> 1.5x107°

| = s et g e e ey o =
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